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ABSTRACT
Specific features of traditional rural buildings can influence the assessment of their seismic behaviour. When a change in 
intended use of traditional rural buildings is necessary, restoration work must comply with specific seismic norms and 
should preserve their original features. In this paper, a model for the seismic safety verification of masonry walls for in-
plane actions was applied to investigate the structural behaviour of one-storey stone-masonry traditional rural buildings, 
in relation to standards application and possible retrofitting interventions. 
The results showed that pier-panel collapse mechanisms and the simulation method of masonry spandrel behaviour are of 
importance and affect the need to provide for strengthening interventions.
Keywords: Seismic assessment; in-plane forces; shear-type pier panels; stone masonry; seismic standards; modelling; 
reuse.
RESUMEN
Las características específicas de las construcciones rurales tradicionales pueden tener influencia en la verificación de 
su comportamiento sísmico. Cuando se hace necesario cambiar el uso de las construcciones rurales tradicionales, los 
trabajos de reestructuración deben satisfacer las normas sísmicas específicas y, al mismo tiempo, deberían preservar 
sus peculiaridades originales. En este artículo se ha aplicado un modelo para verificar la seguridad sísmica de mam-
posterías sujetas a acciones coplanarias, con el objetivo de ahondar en el comportamiento estructural de construcciones 
rurales tradicionales de una sola planta, hechas con mampostería de piedra, con relación a la aplicación de normativas y 
posibles trabajos de mejora antisísmica. Los resultados han demostrado que los mecanismos de colapso de los elementos 
resistentes y el método de simulación del comportamiento de los tímpanos de mampostería tienen influencia en la verifi-
cación sísmica, así como la necesidad de efectuar obras de refuerzo.
Palabras clave: Verificación sísmica; fuerzas coplanarias; estructura tipo pórtico (shear-type); mampostería de pie-
dra; normas sísmicas; modelación; reutilización.
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1. INTRODUCTION
In many European countries, the abandonment of tradi-
tional rural buildings (TRBs) is the result of many driving 
forces such as technological innovation and past agricultural 
policies (1). TRBs were prevented from being adapted to new 
production systems, due to their morphologic, technical and 
constructive characteristics (2) (3).
Considering that TRBs are cultural heritage sites as well as 
important territorial resources which possess significant 
potential that can be utilised by carefully considering their 
adaptive reuse (4) (5) (6) (7) (8), today, specific measures 
contained in the European Union (EU) Rural Development 
Policy (RDP) 2007-2013 (9) and specific national laws and 
regulations contribute towards their conversion. However, 
since the reuse of TRBs could determine a load increase and 
affect the overall structural behaviour, structural modifica-
tions may be required.
In earthquake-prone areas, such as the majority of Southern 
European areas, changes in the intended use or structural 
modifications of existing TRBs should comply with European 
Codes or specific National Seismic Standards which require 
structural seismic safety assessment (10) (11) (12) (13).
The mechanisms involved in assessing masonry buildings are 
‘first damage mode’ mechanisms, usually concerning out-of-
plane mechanisms, and ‘second damage mode’ mechanisms 
related to the in-plane response of walls. It is generally rec-
ognized that acceptable seismic behaviour is attained only if 
out-of-plane collapse is prevented and the in-plane strength 
and deformation capacity of walls can be fully exploited (14). 
Once it has been verified that ‘first damage mode’ mecha-
nisms have been prevented, ‘second damage mode’ mecha-
nisms are taken into consideration. Generally, to analyse 
these two mechanisms, a global structural model which re-
quires that structural connections guarantee a global box-
type behaviour by performing specific building interventions 
(e.g., construction of rigid horizontal diaphragms and con-
struction of reinforced concrete belts) should be considered. 
However, in stone masonry TRBs, horizontal structural ele-
ments are often flexible, providing a lower degree of coupling 
to the walls which tend to vibrate more independently (14) 
(15). Therefore, for these types of buildings, the hypothesis of 
equal storey horizontal displacement used in the most com-
mon seismic assessment methods cannot be applied. This is 
the case of several one-storey buildings, usually characterized 
by the absence of inter-storey floors and internal partitions 
which would confer stiffness to TRBs’ structure. Therefore, 
these kinds of buildings cannot be considered ‘simple build-
ings’ for which no explicit safety verification is required (11). 
Furthermore, the condition (11) (13) that “for unreinforced 
masonry buildings, walls in one direction should be connect-
ed with walls in the orthogonal direction at a maximum spac-
ing of 7 m” is often not met by several existing TRBs.
Since the global box-type behaviour required by the Euro-
pean Codes could lead to invasive building rehabilitation 
work which may cause the loss of TRBs’ original character 
and cultural value (e.g., construction of concrete floors and 
construction of connected tie beams and lintels), in previous 
studies (16) (17) two models based on simplified methods for 
stone masonry walls were proposed. In these two models, 
which were related to ‘first damage mode’ and ‘second dam-
age mode’ mechanisms, respectively, charts were presented 
to provide simple tools for the safety assessment of TRBs sub-
ject to seismic loads, as a function of loading conditions and 
wall dimensions.
In this paper, the model for the safety assessment of buildings 
for in-plane seismic actions and vertical loads (‘second dam-
age mode’) was applied to a case study in order to examine 
the structural behaviour of one-storey TRBs characterized 
by the absence of stiffening structures and openings of vari-
ous sizes with misaligned lintels. As was found in a previous 
study (18), this horizontal irregularity could affect in-plane 
seismic capacity of masonry walls with openings. The TRBs 
considered in this study are farm buildings originally used as 
warehouses (Figure 1) where lintels misalignment may have 
been caused by indoor environmental requirements for agri-
cultural products stored or previous building interventions.
The TRBs’ seismic behaviour was analyzed by varying some 
of the most significant model parameters, in relation to the 
application of two different standards and possible retrofit-
ting interventions. These parameters were employed in the 
computation of the seismic load and the ultimate capacities of 
the pier panels. With regard to the retrofitting interventions, 
an hypothesized adaptive reuse was selected among those 
suitable to improve the horizontal regularity of the openings. 
In the field of agricultural engineering research, the analysis 
of the seismic behaviour of TRBs is of relevant importance, 
particularly in earthquake-prone areas, due to the risk of loss 
of human lives, agricultural production, and livestock. There-
fore, this research can help bridge the gap between studies 
concerning the structural analysis of rural buildings, which, 
Figure 1. Examples of traditional rural masonry buildings located in Eastern Sicily.
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shaped basaltic stone masonry which is highly frequent in the 
considered area (28). The double-pitched roof has a wooden 
bearing structure and is covered by traditional curved tiles 
made of baked-clay.
Some alterations of the original character of the facades, 
probably due to a variation of its original intended use, re-
sulted in the misalignment of the external wall openings. 
The lintels of the openings are built by using materials hav-
ing different mechanical characteristics. This is the case of 
many TRBs located in the Etnean area, where previous stud-
ies revealed that openings have an internal and an external 
flat-arch lintel: the external one is made of two blocks of lava-
stone, the internal one is made of wooden beams (28).
In this paper a further geometrical configuration of the wall 
openings was considered by assuming the building to be re-
used for rural tourism activities (e.g., tourist accommodation 
and agriculturally-based activities). This involved the lower-
ing of some window openings down in order to assure a view 
from the inner rooms to the outside, and widening some door 
openings to allow vehicle passage.
3.2.  Modelling the Seismic Behaviour  
of One-Storey TRBs 
In this study, the structural scheme used to simulate the 
behaviour of the building under study considered each wall 
independently, as set out in Section C8.7.1.1 of DEN09 and 
adopted in other research (29). In detail, the building was 
subdivided into four perimeter walls which were separately 
studied, by modelling each shear masonry wall with openings 
as a shear-type structural system. In such a system the wall is 
composed of pier panels and masonry spandrels.
By applying the seismic safety assessment model described 
in a previous work (17) and summarized in Figure 3, the in-
plane structural behaviour of the East longitudinal wall, ana-
lyzed in the current functional destination (Figure 4a) and 
in the hypothesized adaptive reuse (Figure 4b), is discussed 
in the following of this paper. This longitudinal wall was se-
lected among the others as it had the lowest wall-to-opening 
ratio, and showed the absence of connected crossing walls 
which would have improved its overall resistance.
The mechanical resistance parameters of this masonry, classi-
fied as ‘well-structured rough-shaped stone masonry’, are re-
at present, are mainly focused on a few typologies of farm 
buildings such as silos (19) (20) and structures for protected 
cultivation (21) (22).
2. REGULATORY FRAMEWORK
The Eurocode 8 (EC8 hereafter) and, specifically, part 1 and 
part 3 (EC8-1 and EC8-3 hereafter) (11) (12) have been struc-
tured to provide a common approach for the design of ma-
sonry buildings in seismic areas. Nevertheless, when dealing 
with safety levels and classification of retrofitting interven-
tions of existing masonry buildings, the EC8 shows some 
lacking aspects because some concepts are not fully compat-
ible with real applications (14) (23), especially for architec-
tural heritage having historical and cultural values (24) (25).
Italian standards have been improved towards a more suita-
ble safety assessment for existing masonry buildings through 
transposing Eurocodes to the Italian experience. In detail, 
Ministerial Decree D.M. 14/09/2005 (NTC05 hereafter) (26) 
was the first Italian Standard containing the principles of 
EC8.The latest Italian Standard for buildings in seismic areas 
is the New Technical Code introduced by the Ministerial De-
cree D.M. 14/01/2008 (NTC08 hereafter) (13), which substi-
tutes NTC05. NTC08 became mandatory on 1st July 2009 to 
shorten its transitional phase (due to expire on 1st July 2010) 
with the aim to apply its recommendations to the Abruzzi 
reconstruction after the earthquake. During the transitional 
phase of applying NTC08, other decree explanatory notes 
(DEN09 hereafter) (27) were issued. 
The calculations proposed in this work are based on NTC08 
and compared to those in compliance with NTC05 (which 
adopts the ‘significant damage’ limit state of EC8), integrated 
with their explanatory notes.
3. MATERIALS AND METHODS
3.1. The Building under Study
The TRB analysed in this paper appertains to a building ty-
pology highly recurrent in Eastern Sicily (Italy) and devot-
ed to wine storage and production. It is a one-storey TRB 
(Figure 2) located at an altitude of 350 m above sea level in 
the Etnean area which is one of the most earthquake-prone 
Italian areas. To date, it is used as warehouse for agricul-
tural products. The walls are made of well-structured rough-
Figure 2. The building under study, located in the Etnean area.
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As uncertainty is typical of structural evaluation of existing 
building, EC8-3 and NTC08 introduced different sets of ma-
terials, structural safety factors and associated analysis pro-
cedures, defining three knowledge levels (KLs) related to the 
mechanical properties of the masonry constituents, and the 
geometrical properties and building details (i.e. connection 
type and reinforcing components) of the structure to be eval-
uated. In the absence of experimental values of resistance for 
masonry walls, the knowledge level could be KL1 or KL2 type 
(namely ‘limited’ and ‘normal’ knowledge level in EC8-3). In 
Table 1 the confidence factors (CF) related to the KLs were 
reported.
ported in Table 1 according to the considered standards. The 
values of the masonry compression resistance (f
m
) in NTC08 
are comparable with those adopted in studies on stone ma-
sonry (30) or resulting from tests using flat jacks (31). Stud-
ies on lava-stone masonry (32) (33) recommend a masonry 
specific weight value (γ
m
) in the range 18 ÷ 25 10–6 Nmm–3. 
With regard to these parameters, it should be underlined that 
many factors affect masonry in-plane behaviour, such as the 
geometry of the wall (i.e., height, width, thickness), the me-
chanical and geometrical properties of the masonry constitu-
ents (stones and mortar), the building techniques adopted, 
the geometrical characteristics of the openings. 
Figure 3. Flowchart of the seismic assessment model for masonry walls.
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in this field there are few experimental studies due to the dif-
ficulty in obtaining these values (35). 
With regard to the computational height of the pier panels 
(h), an univocal relation was not found in literature (35) (36) 
and in specific standards. In Italy a specific technical norm 
(37) suggests that h should be “equal to the interstorey height 
though, strictly speaking, it would be more correct to consid-
er the height of the openings”. Therefore, the model was ap-
plied in order to evaluate wall behaviour in relation to three 
different scenarios of pier-panel height: the first is the height 
of the openings (hp
1
); the second is a function of the ‘effec-
tive height’ as reported by Dolce (38) (hp
2
); the third (hp
3
) is 
the distance between the wall base and the axes of masonry 
spandrels.
The graphical symbols for the collapse mechanisms of pier 
panels and masonry spandrels were reported in Figure 5. 
Here, condition δ
1 
≤δ
 
≤δ
2
 refers to the displacement related 
to the elasto-plastic phase of the characteristic curve of the 
Tri-linear characteristic (i.e., force-displacement) curves of 
the pier panels were constructed by using a non-linear algo-
rithm applied in previous studies (17) (34). In the adopted 
model (Figure 3), the principal failure mechanisms of ma-
sonry pier panels due to shear and flexure were considered: 
diagonal-cracking shear failure, bed-joint-sliding shear fail-
ure, and flexural failure. For the analysed masonry wall, the 
shear capacities corresponding to diagonal-cracking shear 
collapse (V
u,diag
) and bed-joint-sliding shear collapse (V
u,oriz
) 
were calculated in compliance with NTC08. 
Since the use of different relations to compute the ultimate ca-
pacities V
u
 of the masonry pier panels may influence the over-
all performance of the wall, in this paper the flexural capacity 
Vu,flex was calculated in compliance with NTC08 (Vu,flexNTC) as 
well as according to some Authors (34) (Vu,flexAU). For the com-
putation of V
u
, in the absence of specific experimental data, 
some masonry strength characteristic values (e.g., flexural 
resistance of the spandrel) were conservatively set according 
to Fusier and Vignoli (34). It is widely recognized, in fact, that 
Figure 4. Scheme of the wall analysed in the simulations.
Table 1. Mechanical characteristics of the wall masonry (i.e., ranges of shear and compression resistance, ranges of shear and elastic 
modulus, and specific weight), and knowledge levels for the different standards considered.
‘WELL-
STRUCTURED 
ROUGH-
SHAPED STONE 
MASONRY’
SHEAR 
RESISTANCE 
(τ
m
)
COMPRESSION 
RESISTANCE
(f
m
)
SHEAR 
MODULUS
(G)
ELASTIC 
MODULUS
(E)
SPECIFIC 
WEIGHT
(γ
m
) KL1 KL2
Nmm–2 Nmm–2 Nmm–2 Nmm-2 Nmm–3
NTC05 0.056 ÷ 0.074 1.50 ÷ 2.00 250 ÷ 330 1,500 ÷ 1,980 22.0 10–6
Min E
Min f
m
Min τ
m
CF = 1.35
Avg E
Avg f
m
Avg τ
m
CF = 1.20
NTC08 0.056 ÷ 0.074 1.50÷2.00 500 ÷ 660 1,500 ÷ 1,980 22.0 10–6
Avg E
Min f
m
Min τ
m
CF = 1.35
Avg E
Avg f
m
Avg τ
m
CF = 1.20
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two wall elements, if they are regularly bonded to the adjoin-
ing walls and connected both to the floor tie beam and to the 
lintel below”. The NTC05 considers, instead, that a certain 
flexural resistance could develop in masonry spandrels if 
there is at least one horizontal tensile-resistant element (e.g., 
chains, lintels, tie beams, steel ties, and other strengthening 
elements like fibre reinforced polymer bands). When an axial 
force comes about thanks to these other structural elements, 
masonry spandrels can be simulated as: 
a)  resistant masonry elements, if the hypothesis of connec-
tion between them and other structural elements is not 
completely effective yet there is some mechanism that 
provides axial compression in the masonry spandrels 
(39). In this study this hypothesis of spandrel modelling 
(SM1 hereafter) is fulfilled by supposing that axial com-
pression is provided by a steel tie acting as a chain along 
the spandrel; 
b)  low-slenderness reinforced masonry beams if the con-
nection can be considered as completely effective. In this 
study this hypothesis of spandrel modelling (SM2 hereaf-
ter) is fulfilled by assuming that the effectiveness of con-
nections is guaranteed by a tie beam built in the inner side 
of the wall and fixed to the masonry by the insertion of 
steel bars and grouting (39) or by a tie beam built within 
the wall thickness (40).
4.  RESULTS AND DISCUSSION
4.1.   Influence of the Standard on the Seismic 
Assessment Simulations
Figures 6a, 6b, and 6c show the results of the seismic assess-
ment simulations to evaluate the wall behaviour in relation 
to the different scenarios of pier-panel height and masonry 
spandrel modelling. In detail, the figures report the crack 
development of pier panels and masonry spandrels at the 
increasing of the horizontal in-plane forces (F
h
), which are 
expressed as a function of F
s
, up to wall collapse. Moreover, 
spandrel cracking is depicted in thin black lines for SM1 and 
in thick black lines for SM2. The graphical symbols related to 
the collapse mechanisms reported in Figure 6 are clarified in 
Figure 5.
In each figure, the bottom scheme shows the first pier-panel 
cracking, meaning that the elastic phase of the panel was 
over and the elasto-plastic phase had begun, and/or the 
first failure in masonry spandrels. The top scheme shows 
wall collapse at ultimate in-plane strength capacity (F
u
) and 
the ultimate displacement of the i-th pier panel (δ
u
(i)). The 
other schemes show intermediate damage levels, e.g., the 
elasto-plastic limit of all the pier panels, when the first crack-
ing takes place in all the pier panels; plasticity, when one of 
the pier panels reaches the plastic phase of its characteristic 
curve; seismic performance state, when F
h
 about equals the 
seismic force F
s
; the shear or flexural cracking of all the ma-
sonry spandrels when the shear or flexural verification of all 
masonry spandrels fails. 
The results of the simulations as per NTC08 showed some dif-
ferences compared to those obtained using NTC05. Though 
the crack development of pier panels and masonry spandrels 
was similar yet F
u
 varied since some pier panels exhibited 
different collapse mechanisms and thus their characteristic 
curves differed. In the scenario hp
3
, for instance, the collapse 
pier panel, whereas condition δ
2 
≤δ
 
≤δ
3
 indicates the dis-
placement related to the plastic phase (17) (34).
The conventional seismic loads (F
s
) for the analysed masonry 
wall were computed by applying the two static methods de-
scribed in NTC08 and NTC05. In general, the limit state of 
reference for masonry structures is the Ultimate Limit State 
(ULS). In NTC05 the ULS associated to a reference probabil-
ity of exceedance (RPE) of 10 % in 50 years, corresponds to 
the significant damage state (SD) of EC8 and to the life safety 
limit state (LSLS) of NTC08. The collapse limit state (CLS) 
defined in NTC08 refers to a RPE of 5 % in 50 years. Moreo-
ver, the relation for computing the seismic action according 
to NTC05 is straight forwardly derived from EC8, whereas its 
definition in NTC08 for that action is site specific depending 
on the location of the buildings. Therefore, in the analysed 
case study the coefficients required for the F
s
 computation 
were related to the second category seismic areas (medium 
seismicity) as per NTC05, whereas for CLS and LSLS they 
were derived from tab.1-Annex B of NTC08 that provides val-
ues related to TRB’s geographical coordinates.
The force-based incremental iterative procedure shown in 
Figure 3 allowed the computation of the capacity curve of the 
masonry shear wall as well as the safety verification of ma-
sonry spandrels.
Exhaustive experimental trials are necessary to find out the 
real flexural strength capacity of masonry spandrels of exist-
ing buildings, taking into account their different typologies. 
The literature lacks experimental studies which can thor-
oughly evaluate resistance, strain behaviour and dissipative 
capacity of masonry spandrels subject to seismic forces (33).
EC8-1 states that: “In the structural model masonry span-
drels may be taken into account as coupling beams between 
Figure 5. Graphical symbols of the considered failure modes  
of pier panels and masonry spandrels.
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cal characteristic recommended by the two standards and 
the different computation of F
s
 as per the two standards. In 
fact, according to NTC08 the values of f
m
 and the G modulus 
increased nearly twofold if compared to those recommended 
by NTC05 (Table 1). As regards the computation of F
s
, the 
NTC08 gave more geographically differentiated values for 
seismic load as its computation parameters were related to 
geographic coordinates rather than to uniform values in each 
of the seismic zones defined by NTC05.
mechanism of the first pier panel changed from flexural fail-
ure as per NTC05 to bed-joint-sliding shear failure according 
to NTC08. Moreover, the ULS of NTC05 always led to lower 
wall seismic safety coefficients ν (defined as the ratio between 
F
u
 and F
s
) than the LSLS of NTC08 while always producing 
higher ones than the CLS of NTC08.
The results showed that the simulations were affected by 
the application of both the different values of the mechani-
Figure 6. Crack development patterns of the considered wall for the different pier-panel heights: a) first scenario; b) second scenario;  
c) third scenario; d) hypothesized adaptive reuse.
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panels, the most frequent condition determining collapse 
is diagonal cracking shear failure. Yet, when normal stress 
decreases, the failure is not due to exceeding the tensile re-
sistance governing the collapse mechanism of shear with di-
agonal cracking, but rather by exceeding the bed-joint-sliding 
shear resistance (Figure 7a). These changes in collapse mech-
anisms affected wall collapse as they caused different pier 
panel to reach failure (top schemes in Figures 6a, 6b, and 6c). 
Yet, collapse mechanisms depended also on pier-panel slen-
derness. In fact, when analyzing the variation of pier-panel 
failure mechanisms in relation to both their slenderness and 
normal stress (σ
0
), it resulted that:
•  walls subject to low values of σ
0
, as occurred in the analysed 
one-storey TRB, showed bed-joint-sliding shear failure un-
til a threshold value where it turned to diagonal cracking 
shear failure, as exemplified in Figure 7a for pier-panels 
having a slenderness value of 1.6, and wall thickness equal 
to 0.6 m, in the KL2 case;
•  squat masonry pier panels experienced diagonal cracking 
shear failure for low values of slenderness, bed-joint-slid-
ing shear failure for higher values of slenderness, whereas 
flexural failure was attained for the highest values. This 
variation of pier-panel failure mechanisms in relation to 
their slenderness is shown in Figure 7b which exemplifies 
pier-panel strength capacity V
u
 in relation to slenderness 
for pier panels of 3 m height and subject to normal stress σ
0
 
of 0.14 MPa, in the KL2 case.
Therefore, in the simulations it was found that, when σ
0
 kept 
under the threshold value, failure varied from diagonal cracking 
shear failure to bed-joint-sliding shear failure at increasing of 
the slenderness. For instance, this occurred for the second pier 
panel. When pier panels were simulated as slender (i.e., slender-
ness ≥ 1.5), for instance the third one in hp
3
, failure was due to 
flexure whereas diagonal cracking shear failure and bed-joint-
sliding shear failure were the failure modes in hp
1
 and hp
2
, re-
spectively (Figures 6a, 6b, and 6c). These different predictions 
of failure mechanisms would modify the pier-panel character-
istic curves as well as the capacity curve of the whole structure.
Moreover, when different relations were used to account for 
the flexural capacity of masonry pier panels (34) (41), re-
sults showed that in some cases the condition Vu,flexAU<Vu,oriz 
occurred for low axial-force values typical of masonry build-
The KL variation from KL2 to KL1 highlighted once more a 
different mechanical behaviour for some of the pier panels. 
According to NTC05, the reduction of ν due to the considered 
KL variation was lower than that obtained as per NTC08. 
This was caused by the different values of the elastic modulus 
provided by the standards (Table 1). Moreover, the increase 
in CF values due to the variation of KL produced a reduc-
tion in strength capacity causing a change in pier-panel col-
lapse mechanisms. Therefore, the building characterization 
of TRBs as well as the analysis of their current conservation 
state are crucial to define the appropriate CF value in the 
norms, especially if the building had been subject to different 
rehabilitation works over the years (25).
4.2.   Influence of Pier-Panel Height on Wall Seismic 
Behaviour
By considering the wall seismic safety coefficients ν, Figures 
6a, 6b, and 6c show that the scenario hp
1
 was less conserva-
tive than the others since it provided higher strengths and 
safety coefficients, while the scenario hp
2
 led to intermediate 
results of hp
1
 and hp
3
.
Furthermore, the different scenarios of h resulted in dif-
ferent wall damage conditions. In fact, the first cracking of 
masonry occurred in different pier panels: the sixth one in 
hp
1
, the third one in hp
2 
and the seventh one in hp
3
. When 
the strength capacity of the wall exceeded F
s
, the scenario 
hp
1
 always determined pier panels to reach the plastic phase 
for F
h
/F
s 
values higher than those related to hp
2
 and hp
3
 (for 
instance, in the LSLS state the F
h
/F
s
 values were 1.80, 1.65, 
and 1.49 in the three scenarios of h, respectively, as shown in 
Figures 6a, 6b, and 6c).
These results are also interrelated to pier-panel collapse 
mechanisms which in turn depended on h. In fact, the col-
lapse mechanisms of almost all the pier panels changed from 
diagonal cracking failure in the scenario hp
1
 to bed-joint-slid-
ing shear failure and flexural failure in hp
2 
and
 
hp
3
.
By analysing the pier-panel characteristic curves correspond-
ing to the three different scenarios of h, the most frequent 
pier-panel failure mechanism was diagonal cracking shear 
failure though there was also some bed-joint-sliding shear 
failure. In general, for low constructions with wide pier 
Figure 7. Pier-panel strength capacities V
u
 in relation to: a) the normal stress σ
0 
exemplified for a pier panel with slenderness equal to 1.6 in 
the KL2 case; b) pier-panel slenderness, for pier-panels having a 3 m height and subject to a normal stress σ
0 
equal to 0.14 MPa in the KL2 
case.
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traditional rural buildings (TRBs) arose from the results ob-
tained, by modifying a number of parameters of the seismic 
safety assessment model and defining two types of spandrel 
modelling related to different retrofitting interventions.
The change in the Italian Standards from NTC05, which 
shares common aspects with EC8, to NTC08, has produced 
various results in terms of wall safety coefficients and pier-
panel failure mechanisms due to both the different mechani-
cal characteristics recommended by the two standards and 
the different computation methods of seismic load.
The results showed that pier-panel height plays a significant 
role in the seismic response of the entire wall, given that it 
affected the seismic behaviour of both pier panels and ma-
sonry spandrels. When pier-panel height varies, the panel 
failure mechanism may change, causing a different overall 
wall strength capacity which is not always determined by the 
collapse of the same pier panel.
For walls subject to low normal stress, as in the case of TRBs, 
the prevailing failure mechanism is due to shear and, if it is 
due to bed-joint-sliding or diagonal cracking, it depends on 
both normal stress and pier-panel slenderness which, in turn, 
is related to the pier-panel height scenario.
The need for and extent of masonry-spandrel strengthening 
interventions, depending on the shear force transmitted by 
the pier panels and their own resistance, is strictly related to 
the definition of the pier-panel height. The collapse of ma-
sonry spandrels due to diagonal cracking shear is associated 
most frequently to low length/height ratios and generally oc-
curs before collapse due to flexure, also depending on span-
drel modelling.
The knowledge level of masonry mechanical characteristics 
produces effects on both the ultimate capacity of the wall and 
the pier-panel collapse mechanisms, causing a different seis-
mic behaviour of the wall.
Finally, interventions aimed at the improvement of horizon-
tal regularity of wall openings and the strengthening of wall 
masonry are suitable to increase wall resistance.
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ings and NTC08 overestimates the ultimate force (V
u,flexNTC) 
(Figure 7a), resulting in wrong predictions of failure mecha-
nisms for some values of the applied axial force (41). Also this 
overestimation could affect pier-panel characteristic curves 
as well as the capacity curve of the whole structure.
4.3.  Improvements of the Wall Seismic Behaviour 
through Retrofitting Interventions
In SM1, diagonal-cracking shear failure for well-sized span-
drels, was more limiting than other failure mechanisms, 
which in turn would affect the spandrels having a higher 
length/height ratio (r). In fact, according to SM1, all the cases 
of spandrel failure due to shear occurred before flexural fail-
ure (Figures 6a, 6b, and 6c). Generally, the spandrels hav-
ing a more uniform r (fixed shear force transmitted by the 
masonry piers, fixed h), show failure mainly due to shear 
while spandrels having a higher and more differentiated r 
frequently exhibit flexural failure (data not reported). Under 
SM2, flexural failure did not occur in the examined cases.
The results related to the reuse simulation (Figure 6d), com-
puted for hp
3
 which showed the most diffuse spandrel crack-
ing, demonstrated that the considered geometrical modifi-
cations of wall openings position and width improved both 
pier panel and masonry spandrel resistances. In fact, the first 
cracking and the beginning of the plastic phase of the pier pan-
els occurred earlier in the simulation of the original building 
condition than in the reuse one, and also masonry spandrels 
cracking occurred later in the reuse simulation (Figures 6c 
and 6d). Therefore, enhancing the horizontal regularity of the 
wall openings improved the overall wall resistance. This result 
confirmed what observed in previous research (18) (42).
Masonry spandrels, however, often exhibit shear failure and 
thus need to be strengthened in order to make it possible to 
use the shear-type modelling. By applying the model in the 
case of a masonry wall strengthened by mortar injections, a 
higher increase of ν and a higher resistance of spandrels were 
achieved in comparison to the case of unstrengthened ma-
sonry. In the LSLS limit state, for instance, ν increased from 
1.77 (Figure 6d) to 2.07 and spandrel cracking was prevented 
for F=F
s
 in the SM2 case.
On the basis of these results it appears to be very important to 
perform experimental tests and refine models to achieve sim-
ulations of masonry building responses to earthquakes closer 
to their real behaviour, also taking into account the charac-
teristics peculiar to specific typologies of buildings such as 
those considered in this study (25) (43) (44) (45).
5. CONCLUSIONS
In this paper, a number of issues concerning the seismic 
behaviour and the modelling of one-storey stone-masonry 
REFERENCES
 (1) Robinson, G.M. (1991). EC agricultural policy and the environment: land use implication in the UK. Land Use Policy, 
8(2): 95-107, doi: http://dx.doi.org/10.1016/0264-8377(91)90002-Z.
 (2) Di Fazio, S. (1999). Rural architecture of Europe, the ECOVAST strategy. Bliss o Blitz?. In Proceedings of the Conference 
on the Future of Rural Buildings in Ulster. Belfast: UAHS - Ulster Architectural Heritage Society.
 (3) Fuentes, J.M. (2010). Methodological bases for documenting and reusing vernacular farm architecture. Journal of Cul-
tural Heritage, 11(2): 119-129, doi: http://dx.doi.org/10.1016/j.culher.2009.03.004.
C. Arcidiacono, S. M. C. Porto, G. Cascone
Informes de la Construcción, Vol. 67, 537, e053, enero-marzo 2015. ISSN-L: 0020-0883. doi: http://dx.doi.org/10.3989/ic.13.03910
 (4) Candura, A., Dal Sasso, P., Marinelli, G. (June, 2008). Recovery and Reuse of Rural buildings: the Spread Out Building 
case. Agricultural Engineering International: the CIGR Ejournal. Invited Overview, Vol. X, No. 3.
 (5) Dal Sasso, P., Caliandro, L.P. (2010). The role of historical agro-industrial buildings in the study of rural territory. Land-
scape and Urban Planning, 96(3): 146-162, doi: http://dx.doi.org/10.1016/j.landurbplan.2010.03.003.
 (6) Fuentes, J.M., Gallego, E., García, A.I., Ayuga, F. (2010). New uses for old traditional farm buildings: The case of 
the underground wine cellars in Spain. Land Use Policy, 27(3): 738-748, doi: http://dx.doi.org/10.1016/j.landuse-
pol.2009.10.002.
 (7) García, A. I., Ayuga, F. (2007). Reuse of abandoned buildings and the rural landscape: The situation in Spain. Transac-
tions of the ASABE, 50(4): 1383-1394, doi: http://dx.doi.org/10.13031/2013.23627.
 (8) Porto, S.M.C., Leanza, P. M., Cascone, G. (2011). Developing interpretation plans to promote traditional rural buildings as built 
heritage attractions. International Journal of Tourism Research, 14(5): 421-436, doi: http://dx.doi.org/10.1002/jtr.869.
 (9) European Agricultural Fund for Rural Development. (2005). Council Regulation (EC), n. 1698/2005 of 20 September 
2005 on support for rural development.
(10) Blasquez-Martinez, R. (1997). Enfonque y avances conceptuales de la nueva norma española de construcción sismor-
resistente NCSE-94 (Basic principles and conceptual advances of the new Spanish seismic code NCSE-94). Informes de 
la Construcción, 48(447): 39-45, doi: http://dx.doi.org/10.3989/ic.1997.v48.i447.974.
(11) CEN. (2004). ENV 1998-1 Eurocode 8: Design of structures for earthquake resistance, Part 1: General rules, seismic 
actions and rules for buildings. Brussels: Comite Europeen de Normalisation. 
(12) CEN. (2005). ENV 1998-3 Eurocode 8: Design of structures for earthquake resistance, Part 3: Assessment and retrofit-
ting of buildings. Brussels: Comite Europeen de Normalisation.
(13) Ministry of Infrastructures and Transportation. (February 4, 2008). Ministry Decree 14.01.2008. Norme Tecniche per le 
Costruzioni. Official Gazette of the Italian Republic. n. 29, suppl. ord. n.30. Rome
(14) Magenes, G. (September 3-8, 2006). Masonry building design in seismic areas: recent experiences and prospects from 
a European standpoint. In Proceedings of the First European Conference on Earthquake Engineering and Seismology, 
paper number: keynote address K9. Geneva, Switzerland. 
(15) Mele, E., De Luca, A., Giordano, A. (2003). Modelling and analysis of a basilica under earthquake loading . Journal of 
Cultural Heritage, 4(4): 355-367, doi: http://dx.doi.org/10.1016/j.culher.2003.03.002.
(16) Cascone, G., Arcidiacono, C. (2001). Sulle condizioni di collasso degli edifici agricoli tradizionali per forze sismiche per-
pendicolari alle pareti (Failure conditions for seismic forces perpendicular to the walls of traditional agricultural build-
ings). Rivista di Ingegneria Agraria, 1: 37-45.
(17) Cascone, G., Arcidiacono, C. (2007). Definizione di un metodo di verifica per forze sismiche complanari alle pareti di edi-
fici agricoli tradizionali (Definition of a safety verification method for in-plane seismic forces of traditional agricultural 
buildings walls). Journal of Agricultural Engineering, 38(2): 39-48.
(18) Parisi, F., Augenti, N. (2012). Seismic capacity of irregular unreinforced masonry walls with openings. Earthquake En-
gineering and Structural Dynamics, 42(1):101-121, doi: http://dx.doi.org/10.1002/eqe.2195.
(19) Briassoulis, D. (2000). Finite element analysis of a cylindrical silo shell under unsymmetrical pressure distributions. 
Computers and Structures, 78(1-3): 271-281, doi: http://dx.doi.org/10.1016/S0045-7949(00)00069-9.
(20) Vidal, P., Guaita, M., Ayuga, F. (2005). Analysis of Dynamic Discharge Pressures in Cylindrical Slender Silos with a Flat 
Bottom or with a Hopper: Comparison with Eurocode 1. Biosystems Engineering, 91(3): 335-348, doi: http://dx.doi.
org/10.1016/j.biosystemseng.2005.03.012.
(21) Cascone G., D’Emilio, A. (1999). Definizione di un algoritmo per il calcolo delle strutture a tendone per vigneto. Rivista 
di Ingegneria Agraria, 1: 1-11.
(22) Briassoulis, D., Mistriotis, A. (2010). Integrated structural design methodology for agricultural protecting structures cov-
ered with nets. Biosystems Engineering, 105(2): 205-220, doi: http://dx.doi.org/10.1016/j.biosystemseng.2009.10.010.
(23) Pinto, P.E. (2005). The Eurocode 8-Part 3: the new European Code for the seismic assessment of existing structures. 
Asian J. Civil Eng (Building and Housing), 6(5): 447-456.
(24) Borri, A., De Maria, A. (2009). Eurocode 8 and Italian Code. A Comparison about Safety Levels and Classification of 
Interventions on Masonry Existing Buildings. In: Eurocode 8 Perspectives from the Italian Standpoint Workshop (pp. 
237-246). Napoli: Doppiavoce.
(25) Binda, L., Saisi, A. (2005). Research on historic structures in seismic areas in Italy. Progress in Structural Engineering 
and Materials, 7(2): 71-85, doi: http://dx.doi.org/10.1002/pse.194.
(26) Ministry of Infrastructures and Transportation. (September 23, 2005). Ministry Decree 14.09.2005. Norme Tecniche 
per le Costruzioni. Official Gazette of the Italian Republic, n. 222, suppl. ord. n.159. Rome.
(27) Ministry of Infrastructures and Transportation. (February 26, 2009). Newsletter of 02.02.2009 n.617. Istruzioni per 
l’applicazione delle «Nuove norme tecniche per le costruzioni» di cui al decreto ministeriale 14 gennaio 2008. Italian 
Official Gazette Rome, n. 47, suppl. ord. n.27.
(28) Porto, S.M.C., Cascone, G. (2013). A Building Characterization-Based Method for the Advancement of Knowledge on 
External Architectural Features of Traditional Rural Buildings. Informes de la Construcción, 65(532): 481-496, doi: 
http://dx.doi.org/10.3989/ic.12.086.
(29) Augenti, N., Parisi, F. (June 28 - July 2, 2009). Non-linear static analysis of masonry structures, 13th Italian Conference 
on Earthquake Engineering (ANIDIS 2009). In Proceedings of the 13th Italian National Conference on Earthquake En-
gineering (ANIDIS 2009), paper n. S4.01. Bologna, Italy.
(30) Beolchini, G.C., Grillo, F. (September 29 – October 2, 1991). La Normativa italiana e le vecchie costruzioni abruzzesi in 
muratura di pietrame (The Italian Standards and the old stone masonry buildings of Abruzzi). In Proceedings of the 5th 
National Congress on ‘L’ingegneria sismica in Italia’, (pp. 1253-1262). Palermo. 
Seismic Analysis of Traditional Stone Rural Buildings: Case study of a one-storey building
Análisis del comportamiento sísmico de construcciones rurales tradicionales de piedra: estudio de caso de una estructura de un piso
Informes de la Construcción, Vol. 67, 537, e053, enero-marzo 2015. ISSN-L: 0020-0883. doi: http://dx.doi.org/10.3989/ic.13.039 11
(31) Binda, L., Penazzi, D., Mirabella Roberti, G., Baronio, G., Tedeschi, C., Tiraboschi, C. (October 20-23, 1999). Indagini 
per la caratterizzazione dei materiali (Analyses for material characterization). In Proceedings of 9th National Congress 
on ‘L’ingegneria sismica in Italia’. Torino.
(32) Liberatore, D., Gambarotta, L., Beolchini, G.C., Binda, L., Magenes, G., Cocina, S., Lo Giudice, E., Scuderi, S. (October 
20-23, 1999). Tipologie edilizie in muratura del Comune di Catania (Masonry building typologies in the Municipality of 
Catania). In Proceedings of the 9th National Congress on ‘L’ingegneria sismica in Italia’, Torino.
(33) Liberatore, D. (2000). Progetto Catania: indagine sulla risposta sismica di due edifici in muratura (Catania Project: a 
survey on the seismic response of two masonry buildings), (275 pp). Roma: CNR - Gruppo Nazionale per la Difesa dai 
Terremoti.
(34) Fusier, F., Vignoli, A. (1993). Proposta di un metodo di calcolo per edifici in muratura sottoposti ad azioni orizzontali 
(Proposition of a computational method for masonry buildings subjected to horizontal actions). Ingegneria sismica, (1): 
10-24. 
(35) Magenes, G., Bolognini, D., Braggio C. (2000). Metodi semplificati per l’analisi sismica non lineare di edifici in mu-
ratura (Simplified methods for the nonlinear seismic analysis of masonry buildings), (99 pp). Roma: CNR - Gruppo 
Nazionale per la Difesa dai Terremoti .
(36) Cioni, P. (October 13-15, 1993). Valutazione della rigidezza dei maschi murari per una corretta ripartizione delle azioni 
orizzontali negli edifici in muratura ordinaria (Evaluation of wall panel stiffness for a correct distribution of horizontal 
actions on unreinforced masonry buildings). In Proceedings of the 6th National Congress on ‘L’ingegneria sismica in 
Italia’, (pp. 531-536). Perugia.
(37) Ministry of public works. (July 21, 1981). Law 14 May 1981, n.219, art.10, ‘Istruzioni per l’applicazione della normativa 
tecnica per la riparazione ed il rafforzamento degli edifici danneggiati dal sisma’, Newsletter of July 30, 1981, n. 21745,: 
Italian Official Gazette, n. 198. Rome.
(38) Dolce, M. (1991). Schematizzazione e modellazione degli edifici in muratura soggetti ad azioni sismiche. L’Industria delle 
Costruzioni, 25: 44-57 (in Italian). 
(39) Calderoni, B., Cordasco, E. A., Lenza, P. (2007). Il ruolo della fascia di piano nel comportamento sismico degli edifici in 
muratura (The role of the spandrels in the seismic behaviour of the masonry buildings). Ingegneria Sismica, Year XXIV- 
n.1: 26-40.
(40) Cascone, G., Di Fazio, S., Arcidiacono, C. (13-16 June, 1994). Recupero degli edifici rurali tradizionali in zona sismica. 
Materiali, tecniche costruttive e tipi di intervento. In Proceedings of the IV Seminar of the AIGR second section on ‘Il 
recupero dell’edilizia rurale nel contesto territoriale’, (vol. 3, pp. 723-734). Sassari.
(41) Augenti, N., Parisi, F. (2013). Assessment of unreinforced masonry cross sections under eccentric compression account-
ing for strain softening. Construction and Building Materials, 41: 654-664, doi: http://dx.doi.org/10.1016/j.conbuild-
mat.2012.12.039.
(42) Moreno-González, R., Bairán, J.M. (2011). Seismic performance analysis of the masonry buildings, typical of the Eixam-
ple District of Barcelona. Informes de la Construcción, 63(524): 21-32, doi: http://dx.doi.org/10.3989/ic.10.045.
(43) Mas-Guindal Lafarga, A. J. (1996). Criterios de intervención y recomendaciones de diseño a sismo en la estructuras de 
patrimonio histórico (Criteria for intervention and recomendations on seismic design in structures of the historical her-
itage). Informes de la Construcción, 48(443): 5-14, doi: http://dx.doi.org/10.3989/ic.1996.v48.i443.1002.
(44) Fuentes-Pardo, J. M., Cañas-Guerrero, I. (2003). Study and Characterization of Vernacular Buildings in Rural Areas. 
Processing and Management of Data. Informes de la Construcción, 55(487): 13-21, doi: http://dx.doi.org/10.3989/
ic.2003.v55.i487.544. 
(45) Barbari, M., Monti, M., Rossi, G., Simonini, S., Sorbetti-Guerri, F. (2014). Proposal for a simple method of structural 
calculation for ordinary earthen buildings in rural areas. Journal of food, agriculture & environment, 12(2): 897-903.
NOMENCLATURE
CF Confidence factor
CLS Collapse limit state
DEN09 Explanatory Notes (Newsletter of 02/02/2009)
E Elastic modulus
EC8, EC8-1, EC8-3 Eurocode 8, Eurocode 8 part 1, Eurocode 8 part 3
F
h
Wall in-plane strength capacity
f
m
Masonry compression resistance
F
s
Conventional seismic load
F
u
Wall ultimate in-plane strength capacity
G Shear modulus
h Pier-panel height
hp
1
First hypotheses of pier-panel height
hp
2
Second hypotheses of pier-panel height
hp
3
Third hypotheses of pier-panel height
KL Masonry knowledge level
LSLS Life safety limit state
NTC05 Technical Code (Italian Ministry Decree D.M. 14/09/2005)
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NTC08 Technical Code (Italian Ministry Decree D.M. 14/01/2008)
r Spandrel length/height ratio
RPE Reference probability of exceedance
SD Significant Damage state
SM1 First approach for masonry spandrel verification
SM2 Second approach for masonry spandrel verification
TRB Traditional rural building
V
u
Pier-panel shear capacity
V
u,diag
Pier-panel diagonal-cracking shear collapse
Vu,flex Pier-panel flexural capacity
Vu,flexAU Pier-panel flexural capacity computed in compliance with Fusier and Vignoli (1993)
Vu,flexNTC Pier-panel flexural capacity computed in compliance with NTC08 
V
u,oriz
Pier-panel bed-joint-sliding shear collapse
ULS Ultimate limit state
δ Wall displacement
γ
m
Masonry specific weight
ν Seismic safety coefficient
σ
0
Normal stress
τ
m
Masonry shear resistance
* * *
